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Semiconductor qubits rely on the control of charge and
spin degrees of freedom of electrons or holes confined in
quantum dots (QDs). They constitute a promising ap-
proach to quantum information processing [1, 2], comple-
mentary to superconducting qubits [3]. Typically, semi-
conductor qubit-qubit coupling is short range [1, 2, 4, 5],
effectively limiting qubit distance to the spatial extent
of the wavefunction of the confined particle, which rep-
resents a significant constraint towards scaling to reach
dense 1D or 2D arrays of QD qubits. Following the suc-
cess of circuit quantum electrodynamics [6], the strong
coupling regime between the charge [7, 8] and spin [9–11]
degrees of freedom of electrons confined in semiconduct-
ing QDs interacting with individual photons stored in a
microwave resonator has recently been achieved. In this
letter, we demonstrate coherent coupling between a super-
conducting transmon qubit and a semiconductor double
quantum dot (DQD) charge qubit mediated by virtual mi-
crowave photon excitations in a tunable high-impedance
SQUID array resonator acting as a quantum bus [12–14].
The transmon-charge qubit coherent coupling rate (∼ 21
MHz) exceeds the linewidth of both the transmon (∼ 0.8
MHz) and the DQD charge (∼ 3 MHz) qubit. By tuning
the qubits into resonance for a controlled amount of time,
we observe coherent oscillations between the constituents
of this hybrid quantum system. These results enable a new
class of experiments exploring the use of the two-qubit in-
teractions mediated by microwave photons to create en-
tangled states between semiconductor and superconduct-
ing qubits. The methods and techniques presented here
are transferable to QD devices based on other material
systems and can be beneficial for spin-based hybrid sys-
tems.
Single electron spins confined in semiconductor quantum
dots (QDs) can preserve their coherence for hundreds of mi-
croseconds in 28Si [15, 16] and have typical relaxation times
of seconds [17, 18]. This property can be explored, for ex-
ample, to build memories for quantum information proces-
sors in hybrid architectures combining superconducting qubits
and spin qubits. Strategies to interconnect semiconductor
qubits include the control of short-range interactions through
the direct overlap of electronic wavefunctions [1, 4], the di-
rect capacitive coupling between QDs [5], enhanced by float-
ing metallic gates [19], shuttling of electrons between dis-
tant QDs by surface acoustic waves [20, 21], by time-varying
gate voltages [22] and by fermionic cavities [23]. An alterna-
tive approach which allows for long-range qubit-qubit inter-
action, inspired by superconducting circuit quantum electro-
dynamics (QED) and recently explored also for semiconduc-
tor QDs [24–26], is to use microwave photons confined in
superconducting resonators to mediate coupling between dis-
tant qubits. In this approach, the microwave resonator not
only acts as a quantum bus, but also allows for quantum non-
demolition qubit readout [12–14].
With the well established strong coupling of supercon-
ducting qubits to microwave resonators [6] and the recently
achieved strong coupling to charge states in semiconductor
double dot structures [7, 8], it is now possible to create a mi-
crowave photon-based interface between superconducting and
semiconducting qubits mediated by a joint coupling resonator.
A similar strategy has been explored in hybrid structures in-
terfacing a transmon qubit with excitations of a spin-ensemble
of NV centers in diamonds [27–29] and of collective spins
(magnons) in ferromagnets [30–32]. Furthermore, direct cou-
pling between a superconducting flux qubit and an electron
spin ensemble in diamond was investigated [33]. In these
works the strong coupling regime was achieved with ensem-
bles, for which the coupling strength scales with the square
root of the number of two-level systems interacting with the
resonator mode.
Here, we explore the coupling of the charge degree of free-
dom of a single electron confined in a double quantum dot
(DQD) to a superconducting transmon qubit in the circuit
QED architecture [6]. To perform our experiments, we in-
tegrate four different quantum systems into a single device:
a semiconductor DQD charge qubit, a superconducting qubit,
and two superconducting resonators [see Fig. 1(a)]. One res-
onator acts as a quantum bus between the superconducting
and the semiconductor qubits and the other one as a readout
resonator for the superconducting qubit. In this way, the func-
tionality for qubit readout and coupling is implemented using
two independent resonators at different frequencies, allowing
for more flexibility in the choice of coupling parameters and
reducing unwanted dephasing due to residual resonator pho-
ton population [34]. A simplified circuit diagram of the de-
vice is shown in Fig. 1(f). The superconducting qubit is of
transmon type and consists of a single superconducting alu-
minum (Al) island shunted to ground via a SQUID (orange in
Fig. 1). The transmon charging and Josephson energies are
Ec/h ∼ 243 MHz and E0J/h ∼ 30 GHz, respectively (see
Methods for more information). The transition frequency ωtr
between its ground state |g〉 and excited state |e〉 is adjusted
by using the magnetic flux generated in the transmon SQUID
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FIG. 1. Sample and simplified circuit diagram. (a) False color optical micrograph of the device showing the substrate (dark gray), the
Al superconducting structures forming the groud plane (light gray), the DQD Au gate leads (yellow), the SQUID array resonator (red), its
microwave feedline (green), the single island transmon (orange), its readout 50 Ω coplanar waveguide resonator (blue) and the flux line
(purple). (b) Enlarged view of the sample area enclosed by the blue dashed line in panel (a). (c) Enlarged view of the coupling side of the
SQUID array. (d) Electron micrograph of the DQD showing its electrostatic top gates (Al-light gray) and the plunger gate coupled to the
SQUID array (red). (e) Electron micrograph of the transmon SQUID. (f) Circuit diagram schematically displaying the DQD [with its source
(S) and drain (D) contact], capacitively coupled to the SQUID array resonator, which in turn is coupled to the transmon. The transmon and
the SQUID array are respectively capacitively coupled to a 50 Ω CPW resonator and microwave feedline. Their resonance frequencies can be
tuned by using a flux line and a coil schematically shown in the circuit diagram. The color code is consistent with the optical micrographs.
loop by a flux line (purple in Fig. 1). We read out the state of
the transmon qubit with a 50 Ω coplanar waveguide resonator
(dark blue in Fig. 1) capacitively coupled to the qubit [6, 35].
The DQD charge qubit [Fig. 1(d)], schematically indi-
cated by the 2 light blue dots in Fig. 1(f), is defined by
standard depletion gate technology using Al top gates on a
GaAs/AlGaAs heterostructure that hosts a two-dimensional
electron gas (2DEG) [7, 24, 36]. The DQD is tuned to the
few-electron regime and its excitation energy is given by
ωDQD =
√
4t2c + δ
2, with the inter-dot tunnel rate tc and the
DQD energy detuning δ.
We use a superconducting high-impedance resonator for
mediating interactions between the transmon and the DQD
[7]. The resonator is composed of an array of 35 SQUIDs
[Fig. 1(b)] and is capacitively coupled to both transmon and
DQD charge qubits [see Fig. 1(b,f)]. It is grounded at one
end and terminated in a small island at the other end to which
a single coplanar drive line is capacitively coupled [green in
Fig. 1(b,c)]. A gate line extends from the island and forms one
of the plunger gates of the DQD [in red in Fig. 1(d)] [7, 36].
The high impedance of the resonator increases the strength of
the vacuum fluctuations of electric field, enhancing the cou-
pling strength of the individual qubits to the resonator (see
Methods for more information).
We characterize the hybrid circuit by measuring the ampli-
tude and phase change of the reflection coefficient of a coher-
ent tone at frequency ωp reflected from the multiplexed res-
onators (the microwave setup is presented in Extended Data
Fig. 1). The response changes with the potentials applied
to the gate electrodes forming the DQD and the magnetic
flux applied to the transmon. By varying the DQD detun-
ing δ and the transmon flux Φtr, each qubit is individually
tuned into resonance with the high-impedance resonator. The
coupling strengths measured between the SQUID array res-
onator and the DQD charge qubit and the transmon qubit
are 2gDQD,Sq/2pi ∼ 66 MHz (at ωr,Sq/2pi = 4.089 GHz)
and 2gtr,Sq/2pi ∼ 451 MHz (at ωr,Sq/2pi = 5.18 GHz), re-
spectively, for more details see Methods and Extended Data
Fig. 3. For the same configuration, we extract the linewidth
of the qubits spectroscopically [7, 34] and find δωDQD/2pi ∼
3 MHz and δωtr/2pi ∼ 0.8 MHz. Both subsystems individ-
ually are in the strong coupling regime (2g > κ/2 + γ2)
with a SQUID array resonator linewidth of κ/2pi = (κext +
κint)/2pi ∼ (3 + 5) MHz.
To demonstrate the coherent coupling between the trans-
mon qubit and the DQD charge qubit, we first character-
ize the configuration with the three systems interacting res-
onantly with each other (see Fig. 2). We tune the SQUID
3|S11 |
Fr
eq
ue
nc
y,
ω
   
/2
pi 
p
(G
H
z)
(GHz)
(a)
- 2. - 1. 0. 1. 2.
3.9
4.
4.1
4.2
4.3
4.4
4.5
2g 
tr,Sq
0.7 0.8 0.9 1.0
(b)
2g 
2g 
ωDQD ~  ωtr ~ ωr,Sq
ωr,Sq     ~  ωtr
tr,Sq 
DQD,Sq 
ˆ † |0 >aSq
ˆ † |0 >a tr
σ+ˆDQD
| - >
|+>
|1 >
|2 >
|0 >
| - > | - >
|+>
|2 >
|1 >
Sq
Detuning, δ/2pi
FIG. 2. Resonant interaction between the DQD charge qubit, the
SQUID array resonator and the transmon. (a) Energy level diagram
of the DQD-SQUID array-transmon system for the bias point con-
sidered in panel (b). The energy levels are colored in accordance
with the code used in Fig. 1. (b) Reflectance |S11| of the SQUID
array resonator hybridized with the transmon and DQD as a function
of the DQD detuning δ at the bias point discussed in the main text.
Red dots are obtained by numerical diagonalization of the system
Hamiltonian [see Eq. (1) in Methods], using parameters extracted
from independent spectroscopy measurements.
array into resonance with the transmon and observe the vac-
uum Rabi modes |∓〉 =
(
sin θmaˆ
†
Sq ± cos θmaˆ†tr
)
|0〉, with the
ground state of the system |0〉 = |0〉Sq ⊗ |g〉tr ⊗ |g〉DQD and
the creation operators for the excitations in the SQUID ar-
ray (transmon) aˆ†Sq (aˆ
†
tr). The mixing angle θm is determined
by tan 2θm = 2gtr,Sq/|∆tr|, with |∆tr| = |ω′tr − ωr,Sq| and
the transmon excitation frequency ω′tr dressed by the interac-
tion with the 50 Ω resonator. We then configure the DQD
electrostatic gate voltages to tune its transition frequency at
the charge sweet spot [ωDQD(δ = 0) = 2tc] into resonance
with the lower transmon-SQUID array Rabi mode |−〉. From
the hybridization between the states |−〉 and the DQD ex-
cited state σˆ+DQD|0〉, we obtain the states |1〉 and |2〉, lead-
ing to the avoided crossing indicated by the green dashed box
in Fig. 2(b). Similarly, when the DQD excitation energy is
equal to the energy of the higher transmon-SQUID array Rabi
mode, |+〉, the hybrid system develops two avoided crossings
at the respective detunings δ in the spectrum [see blue dashed
box in Fig. 2(b)]. The observed spectrum resulting from the
hybridization of the three quantum systems is in good agree-
ment with our calculation (see ’System Hamiltonian’ section
in Methods) [red dots in Fig. 2(b)].
Next, we discuss the virtual photon-mediated coherent in-
teraction between the DQD and the transmon qubit. This
is realized in the dispersive regime, where both qubit fre-
quencies are detuned from the high-impedance resonator.
In this regime, no energy is exchanged between the qubits
and the resonator, and the strength of the effective coher-
ent interaction between the two qubits is given by 2J ∼
gtr,SqgDQD,Sq/(1/|∆tr| + 1/|∆DQD|) [13, 14]. We spectro-
scopically explore this qubit-qubit coupling by applying a
probe tone at frequency ωp/2pi = 6.55 GHz to the transmon
readout resonator. The reflectance of the probe tone from the
50 Ω resonator is measured while a microwave spectroscopy
tone of frequency ωs is swept across the transmon transition
frequency to probe its excitation spectrum [34].
To observe the coherent DQD-transmon coupling, we ei-
ther tune δ to bring the DQD into resonance with the trans-
mon [see Fig. 3(b)] or tune Φtr to bring the transmon into res-
onance with the DQD [see Fig. 3(c)]. In either case, when the
qubit frequencies are in resonance, as depicted in Fig. 3(a),
a clear avoided crossing of magnitude 2J/2pi ∼ 21 MHz,
larger than the combined linewidth of the coupled system
(γDQD + γtr)/2pi ∼ 4 MHz, is observed [Figs. 3(b,c)]. The
observed resonance frequencies are in good agreement with
our simulation [red dots in Fig. 3(b,c)] for the explored con-
figuration characterized by |∆DQD| ∼ 10gDQD,Sq, |∆tr| ∼
3gtr,Sq. The well-resolved DQD-transmon avoided crossing
demonstrates that the high-impedance resonator mediates the
coupling between the semiconductor and the superconductor
qubit.
We demonstrate virtual-photon mediated coherent popula-
tion transfer between the transmon and DQD charge qubits in
time-resolved measurements. We induce the exchange cou-
pling by keeping the DQD and SQUID array cavity frequen-
cies fixed at ωDQD(δ = 0)/2pi = 3.66 GHz and ωr,Sq/2pi =
4.06 GHz, respectively, and varying the transmon frequency
non adiabatically [12, 13] using the pulse protocol illustrated
in the inset of Fig. 3(e). Initially, both qubits are in their
ground state and the effective coupling between them is negli-
gible, due to the large difference between their excitation fre-
quencies. Next, we apply a pi-pulse to the transmon qubit to
prepare it in its excited state. Then, a non-adiabatic current
pulse, applied to the flux line, changes the flux Φtr and tunes
the transmon into resonance with the DQD charge qubit for
a time ∆τ , which we vary between 0 and 250 ns. After the
completion of the flux pulse controlling the interaction, the
state of the transmon is measured through its dispersive in-
teraction with the 50 Ω CPW resonator. We observe coher-
ent oscillations of the transmon excited state population as a
function of the interaction time ∆τ [see Figs. 3(d,e)]. The
frequency of these oscillations, Fig. 3(d), is determined by the
interaction strength J(|∆tr|, |∆DQD|). As a result, we observe
the characteristic chevron pattern in the transmon qubit pop-
ulation in dependence on the flux pulse amplitude and length
[see Fig. 3(d)] [12].
A trace of the population oscillation pattern at fixed pulse
amplitude A/A0 ∼ 0.6, approximately realizing the DQD-
transmon resonance condition (ω′tr/2pi = ωDQD/2pi =
3.66 GHz), is in excellent agreement with the Markovian mas-
ter equation simulation [see the red line in Fig. 3(e) and Meth-
ods for more information]. The simulations are performed
within the dispersive approximation in which the qubits inter-
act with rate 2J/2pi = 21.6 MHz, via an exchange interaction
consistent with the spectroscopically measured energy split-
ting 2J/2pi ∼ 21 MHz [Fig. 3(b-e)].
In this work, we realized an interface between
semiconductor- and superconductor-based qubits by ex-
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FIG. 3. DQD-transmon interaction mediated by virtual photon exchange in the SQUID array resonator. (a) Energy level diagram of the DQD-
transmon qubit coupling mediated via dispersive interaction with the SQUID array resonator (red line). The DQD excitation (σ†DQD|0〉) and the
transmon excitation (a†tr|0〉) are shown, together with their hybridized states |Ψs,a〉, the system vacuum state |0〉 = |0〉Sq ⊗ |g〉tr ⊗ |g〉DQD and
the doubly excited states a†trσ
†
DQD|0〉. (b) Left: spectroscopy of the DQD qubit interacting with the transmon. Phase ∆φ = Arg[S11] of a fixed
frequency measurement tone ωp/2pi = 6.5 GHz = ωr,50Ω/2pi reflected off the 50 Ω CPW read-out resonator vs. transmon qubit spectroscopy
frequency ωs and DQD qubit detuning δ [(c) the flux through the SQUID loop of the transmon Φtr]. Right: phase ∆φ = Arg[S11] response
at the DQD detuning δ [(c) at the flux Φtr] indicated by the red arrows in left panel showing a coupling splitting of 2J ∼ 21 MHz. (d)
Population transfer between the transmon and the DQD charge qubit induced by the pulse protocol depicted in the inset of panel (e). Average
transmon excited state population Pe,tr (each data point is the intergrated average over 50000 repetitions of the experiment), as a function
of the flux pulse length ∆τ and normalized flux pulse amplitude A/A0. (e) Transmon excited state population Pe,tr vs. ∆τ for a flux pulse
amplitude of A/A0 = 0.6, for which the transmon is approximately in resonance with the DQD (ωtr/2pi ∼ ωDQD/2pi = 3.660 GHz).
ωr,Sq/2pi = 4.060 GHz. The red line is a fit to a Markovian master equation model (see Methods for details).
changing virtual photons between two distinct physical
systems in a hybrid circuit QED architecture [37, 38].
The coherent interaction between the qubits is witnessed
both by measurements of well-resolved spectroscopic level
splitting and by time-resolved population oscillations. The
interaction can be enabled both electrically via the quantum
dot and magnetically via the transmon qubit. The resonator
mediated coupling also provides for non-local coupling to
the semiconductor qubit, demonstrated here over distances
of more than 50µm. We expect the approach demonstrated
here for the charge degree of freedom of the semiconductor
qubit to be transferable to the spin degree of freedom and
also to other material systems such as Si or SiGe [9–11].
In this way, the coupling to electron spin or even nuclear
spin qubits may provide an avenue for realizing a spin based
quantum memory, which can be interfaced to other solid
state qubits, including superconducting ones. In addition,
the combination of short distance coupling and control in
semiconductor qubits with long-distance coupling through
microwave resonators provided by circuit QED may indicate
a viable solution to the wiring and coupling challenge in
semiconductor qubits [39] and may be essential for realizing
error correction in these systems, for example by using the
surface code [40].
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6METHODS
Device and measurement setup
The device is realized on a GaAs/AlxGa1−xAs het-
erostructure. The 2DEG, embedded 90 nm below the surface
at the interface of GaAs/AlxGa1−xAs, has been removed by
etching everywhere but in a small region hosting the DQD [see
Figs. 1(a,b)]. The gate structures that define the DQD confine-
ment potential are realized using a combination of gold (Au)
top gates for the coarse gate structures [yellow in Figs. 1(a-c)],
and aluminum (Al) for the fine gate structures [light gray in
Figs. 1(a,b)]. The tunnel junctions of the SQUIDs are formed
by two Al electrodes separated by a thin oxide layer. They
are fabricated using standard electron-beam lithography and
shadow evaporation of 30 nm and 120 nm aluminum (with
in-situ oxidation).
We characterize the hybrid circuit by measuring the am-
plitude and phase change of the reflection coefficient of a
coherent tone reflected at frequency ωp off the multiplexed
SQUID array and 50 Ω CPW resonators (see Extended Data
Fig. 1). The multiplexing of the two resonators is realized by
cascading two circulators and connecting the reflection port
of each resonator to a circulator (see Extended Data Fig. 1).
The microwave tone is generated at room-temperature and is
attenuated by -20 dB at the 4 K, 100 mK and 20 mK stages
before passing through a circulator which routes it to the res-
onator and routes the reflected signal to the output line. In the
output line the reflected signal is amplified using a cryogenic
HEMT (+39 dB) at 4 K and by two amplifiers (+33 dB each)
at room-temperature, before it is down converted to an inter-
mediated frequency (IF) of 250 MHz. With +29 dB amplifica-
tion the IF is acquired at 1Gs/s using an Acqiris U1084A PCIe
8-bit High-Speed Digitizer. The DC voltages are supplied to
the gates by Yokogawa 7651 DC programmable sources with
a 1:10 voltage divider also acting as a low pass filter (1 Hz
cut-off). The source and drain of the DQD were grounded in
the experiment. At base temperature, 2-stage RC filters with
160 kHz and 16 kHz cut-off are used at the input of shielded
lines leading to the sample holder. A schematic of the com-
plete setup with all important components is displayed in Ex-
tended Data Fig. 1. The experiment is performed at a cryostat
temperature of 30 mK.
System Hamiltonian
The coupled quantum system is described by the Hamil-
tonian
Hˆtot =HˆDQD + Hˆtr + Hˆr, Sq + Hˆr, 50 Ω+ (1)
+ HˆDQD, Sq + Hˆtr, Sq + Hˆtr, 50 Ω,
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Extended Data Figure 1. Simplified schematic of cryogenic and
room-temperature measurement setup, further details in text.
HˆDQD =
ωDQD(tc, δ)
2
σzDQD, Hˆtr =
ntr∑
i=1
ωi,tr(ΦSq,Φtr)|i〉〈i|,
(2)
Hˆr, Sq = ωr,Sq(ΦSq)aˆ
†
SqaˆSq, Hˆr, 50 Ω = ωr,50Ωbˆ
†bˆ, (3)
HˆDQD, Sq = gDQD,Sq(ΦSq, tc, δ)(σ
−
DQDaˆ
†
Sq + σ
+
DQDaˆSq), (4)
Hˆtr, Sq =
ntr∑
i,j=1
gtr,Sq(ΦSq,Φtr)ni,j |i〉〈j|(aˆ†Sq + aˆSq), (5)
Hˆtr, 50Ω =
ntr∑
i,j=1
gtr,50Ω(ΦSq,Φtr)ni,j |i〉〈j|(bˆ† + bˆ), (6)
with ~ = 1, and aˆSq, bˆ and σˆ−DQD are the annihilation oper-
ator for the excitations of the SQUID array, 50 Ω resonator
and lowering operator of the DQD qubit, respectively. ωr,Sq
and ωr,50Ω are the resonance frequency of the SQUID array
and of 50 Ω CPW resonator, respectively. The DQD charge
qubit energy is given by ωDQD =
√
4t2c + δ
2, where tc and
δ are the inter-dot tunnel rate and DQD energy detuning, re-
spectively. ωi,tr(Φtr) and |i〉 are the frequency and state of the
i-level of the transmon, respectively. ni,j = 〈i|nˆ|j〉 are the
Cooper pair number matrix elements, and ntr is the number of
levels forming the transmon qubit (in our model ntr = 4) [41].
7The coupling strengths between the transmon-SQUID array,
transmon-50Ω resonator, and DQD-SQUID array are indi-
cated with gtr,Sq(ΦSq,Φtr), gtr,50Ω(Φtr) and gDQD,Sq(ΦSq, tc, δ),
where ΦSq and Φtr are the external magnetic fluxes through
the SQUID loops of the resonator array (assumed uniformly
threaded) and transmon, respectively.
SQUID array resonator
The SQUID array resonator is formed by NSq = 35
SQUIDs in series with extra Nsj = 34 single junctions gener-
ated during the shadow evaporation process. The total induc-
tance is
L(ΦSq) = NSqLSq
(
β +
1
| cos(Φ′Sq/Φ0)|
)
, (7)
with the magnetic flux quantum Φ0, and the total magnetic
flux through the SQUID array Φ′sq = 2piγΦSq + 2piΦc. Here,
γ and Φc are constants that were parameterized by fitting Ex-
tended Data Fig. 2(b). β = NsjLsj/NSqLSq is a parameter that
takes into account the presence of an extra constant inductive
contribution, in series with the SQUID array inductance, gen-
erated during the shadow mask deposition process [7, 36]. In
our experiment β ∼ 0.1. In a lumped element model, the
SQUID array frequency is
ωr,Sq(ΦSq) =
ω0r,Sq(
β + 1| cos(Φ′Sq/Φ0)|
)1/2 , (8)
with ω0r,Sq = 1/
√
CNSqLSq and C an effective capacitance
that takes into account the capacitance of the SQUID array to
the ground and to the transmon.
Transmon qubit
The transmon qubit in our device is formed by a single is-
land capacitor shunted to ground by two Josephson junctions
in a SQUID geometry. We control the qubit frequency by
an external magnetic flux Φtr. For symmetric junctions, the
Josephson energy is EJ(ΦSq,Φtr) = E0J | cos(Φ′tr/Φ0)|, with
the Josephson energy at zero flux E0J , the total magnetic flux
through the transmon Φ′tr = 2piαΦSq + 2piΦtr. It depends on
both external fluxes Φtr and ΦSq. Here, α is the ratio between
the areas of the SQUID loops of the transmon and the SQUID
array resonator. The transmon Hamiltonian can be written as
Hˆtr = 4Ec(nˆ− ng)2 − EJ(ΦSq,Φtr) cos ϕˆ, (9)
with the Cooper pair number operator nˆ, the effective offset
charge ng of the device, the phase difference ϕˆ across the
junction, and the transmon charging energy Ec. We approxi-
mate the transmon frequency (0 to 1 transition) as [41]
ωtr(ΦSq,Φtr) = ωpl,tr| cos(Φ′tr/Φ0)|1/2 − Ec (10)
with the plasma frequency ωpl,tr =
√
8EcE0J obtained by fit-
ting the model to the data in Extended Data Fig. 2. Finally, the
transmon Hamiltonian is diagonalized numerically consider-
ing four states.
Double quantum dot qubit
The Hamiltonian describing the DQD charge qubit is
HˆDQD =
δ
2
τˆz + tcτˆx (11)
where δ is the detuning between the two dots, tc is the interdot
tunneling coupling, and τˆi are the three Pauli matrices defined
in the |L〉 and |R〉 basis, the bases for a single charge to be
either on the left or the right QD [τˆz = |R〉〈R| − |L〉〈L|].
A basis rotation is performed to diagonalize the DQD
Hamiltonian, resulting in
HˆDQD =
ωDQD
2
σzDQD, (12)
where ωDQD =
√
δ2 + 4t2c and σ
z
DQD = |+〉DQD〈+|DQD −
|−〉DQD〈−|DQD, with
|+〉DQD = cos(θ/2)|R〉 − sin(θ/2)|L〉 (13)
|−〉DQD = sin(θ/2)|R〉+ cos(θ/2)|L〉 (14)
and tan θ = 2tc/δ.
Description of the strategy used to get the parameters for the
modelling
The coupling strengths between the transmon and SQUID
array, the transmon and 50 Ω resonator, and the DQD and
SQUID array are defined as:
gtr,Sq(ΦSq,Φtr) = g
0
tr,Sq
| cos(Φ′tr/Φ0)|1/4(
β + 1| cos(Φ′Sq/Φ0)|
)1/4 , (15)
gtr,50 Ω(ΦSq,Φtr) = g
0
tr,50Ω| cos(Φ′tr/Φ0)|1/4, (16)
gDQD,Sq(ΦSq, tc, δ) =
g0DQD,Sq(
β + 1| cos(Φ′Sq/Φ0)|
)1/4 2tcωDQD(tc, δ) .
(17)
Here, Φ′Sq and Φ
′
tr are the external (total) magnetic flux
through the SQUID loops of the resonator array and the trans-
mon. The term 2tc/ωDQD in Eq. (17) corresponds to the mix-
ing angle renormalization of the DQD-resonator interaction
strength [24].
The parameters g0tr,Sq and g
0
tr,50Ω are obtained by fitting
the experimental data in Extended Data Fig. 2 (more de-
tails are presented in the following section). The DQD-
SQUID array coupling in Eq. (17) is obtained by consid-
ering gDQD,Sq(ΦSq) ∝ Z−1/2Sq (ΦSq), where ZSq(ΦSq) =
8√
L(ΦSq)/C is the SQUID array impedance. g0DQD,Sq is ob-
tained by fitting the vacuum Rabi splitting data presented in
Extended Data Fig. 3 with the other parameters fixed.
We calculate the spectrum of the DQD-SQUID array-
transmon system by numerical diagonalization of the Hamil-
tonian (1) using parameters extracted from independent spec-
troscopy measurements. The parameters used to obtain theory
points in Fig. 2 and Fig. 3 are listed in the Tables I, II and III.
2tc 3993 MHz
ωtr/2pi 4150 MHz
ωr,Sq/2pi 4230 MHz
gtr,Sq/2pi 166 MHz
gDQD,Sq/2pi 34 MHz
gtr,50Ω/2pi 98 MHz
TABLE I. Parameters used to obtain the calculated eigenenergies
shown in Fig. 2(b).
Interaction between the transmon qubit and the SQUID array
and 50 Ω resonators
We analyse the flux dependence of the system transition
frequencies to fix the parameters ω0r,Sq, ωr,50Ω, ωpl,tr, g
0
tr,Sq,
g0tr,50Ω for the modelling of the spectroscopy measurements by
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Extended Data Figure 2. Flux tunability of the SQUID array and
Transmon qubit. (a) Reflectance spectrum |SSq11 (ωp)+eiϕS50Ω11 (ωp)|
(with ϕ the phase accumulated by the microwave signal in between
the two resonators) of the multiplexed SQUID array and 50 Ω CPW
resonators as a function of probe frequency ωp/2pi and applied mag-
netic flux ΦSq (expressed in flux quanta for the periodicity of the
SQUID array) via the coil. (b) Resonance frequencies extracted from
the dips in the |SSq11 (ωp) + eiϕS50Ω11 (ωp)| (blue points) and simulated
spectrum (red points) of the transmon interacting with the SQUID ar-
ray and the 50 Ω CPW resonators, according to Eq. (1) with parame-
ters ωpl,tr/2pi = 6.550 GHz,Ec/h = 243 MHz, ω0r,Sq/2pi = 7.867
GHz, ωr,50Ω/2pi = 6.490 GHz, β = 0.1, g0tr,Sq/2pi = 230 MHz,
g0tr,50Ω/2pi = 120 MHz.
2tc 3635 MHz
ωtr/2pi 3695 MHz
ωr,Sq/2pi 4062 MHz
gtr,Sq/2pi 128 MHz
gDQD,Sq/2pi 36 MHz
gtr,50Ω/2pi 93 MHz
TABLE II. Parameters used to obtain the calculated eigenenergies
shown in Fig. 3(b).
2tc 3638 MHz
ωtr/2pi 3695 MHz
ωr,Sq/2pi 4062 MHz
gtr,Sq/2pi 128 MHz
gDQD,Sq/2pi 36 MHz
gtr,50Ω/2pi 93 MHz
TABLE III. Parameters used to obtain the calculated eigenenergies
shown in Fig. 3(c).
measuring the reflectance of the multiplexed SQUID array and
redout resonator as a function of SQUID array flux ΦSq, with
the DQD far detuned from the SQUID array resonator (Ex-
tended Data Fig. 2). The blue dots in Extended Data Fig. 2(b)
are experimentally extracted resonance frequencies from Ex-
tended Data Fig. 2(a) and the red dots are the eigenvalues of
the calculated system Hamiltonian (1). From the fit we extract
the parameters: ωpl,tr/2pi = 6.550 GHz, ω0r,Sq/2pi = 7.867
GHz, ωr,50Ω/2pi = 6.490 GHz, Ec/h = 243 MHz, β = 0.1,
g0tr,Sq/2pi = 230 MHz, g
0
tr,50Ω/2pi = 120 MHz. We pa-
rameterize the total magnetic flux of the SQUID array as:
Φ′sq = 2piγΦSq +2piΦc, with γ ∼ 0.43 and Φc ∼ 0.0072×Φ0.
The transmon magnetic flux is Φ′tr = 2piαΦSq + 2piΦtr, with
the ratio α ∼ 4.41 between the areas of the SQUID loops of
the transmon and the SQUID array resonator. To fit the data
points in Extended Data Figure 2, we fixed Φtr ∼ 0.162×Φ0.
We note that the transmon and 50 Ω resonator are well de-
scribed by the model for all values of applied flux ΦSq. The
dependence of the SQUID array resonant frequency from ΦSq
is well captured for −0.3 ≤ ΦSq/Φ0 ≤ 0.3. However, for
|ΦSq| > 0.3× Φ0 the lumped element description fails to de-
scribe the the SQUID array cavity properties accurately. One
reason might be due to non-linearity of the Josephson junc-
tions forming the SQUID array resonator, or to inhomogene-
ity in the magnetic flux threading the SQUIDs of the array.
The parameters of the 50 Ω resonator and transmon are kept
fixed for all the other fits. We adjust only parameters related
to the SQUID array and DQD, according to the expressions in
Eqs. (8), (10), (15)-(17).
Coherent coupling of DQD to SQUID array and transmon to
SQUID array
To quantify the coupling strength between the SQUID ar-
ray resonator and the DQD, we first fix the transmon reso-
nance frequency ωtr/2pi < 2 GHz, the SQUID array reso-
nance frequency ωr,Sq/2pi = 4.089 GHz and adjust the tun-
9nel coupling of the DQD to the same frequency [see Extended
Data Fig. 3(a)].
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Extended Data Figure 3. Spectroscopy of the DQD-SQUID ar-
ray and transmon-SQUID array vacuum Rabi mode splittings. (a)
Reflection response |SSq11 | versus detuning δ of the DQD qubit hy-
bridized with the resonator, resulting in a vacuum Rabi splitting at
δ = 0. The red points are the results of the systems spectrum simula-
tion, according to the Eq. (1) with parameters 2tc/h = 4.090 GHz,
ωr,Sq/2pi = 4.089 GHz, gDQD,Sq/2pi = 33 MHz and far detunned
transmon at ωtr/2pi ∼ 1.720 GHz. (b) |SSq11 | at δ = 0 showing the
vacuum Rabi splitting with 2gDQD/2pi ∼ 66 MHz and an effective
linewidth of δωDQD/2pi ∼ 7.1 MHz. The solid line is a fit to a sum
of two Lorentzians. (c) Reflection response |SSq11 | versus the applied
magnetic flux (Φtr) through the SQUID loop of the transmon qubit
hybridized with the SQUID array resonator, resulting in an avoided
crossing around ωtr/2pi ∼ ωr,Sq/2pi ∼ 5.125 GHz. Simulation
parameters: ωr,Sq/2pi = 5.181 GHz, g0tr,Sq/2pi = 271 MHz [the cou-
plings gtr,50Ω and gtr,Sq vary with Φtr]. ωDQD/2pi ∼ 10.8 GHz
(2tc/h ∼ 4 GHz and δ/h ∼ 10 GHz). (d) |SSq11 | at the flux in-
dicated by the black arrows in panel (c) showing the vacuum Rabi
splitting with 2gtr/2pi ∼ 450 MHz and an effective linewidth of
δωtr/2pi ∼ 7.5 MHz.
With the DQD far detuned, the undercoupled (κint >
κext) SQUID array resonator displays the bare linewidth
κ/2pi = (κext + κint)/2pi ∼ (4 + 8) MHz. Varying the DQD
detuning δ, we bring the DQD into resonance with the SQUID
array resonator (ωr,Sq = ωDQD) close to the DQD sweetspot,
indicated by arrows in Extended Data Fig. 3(a). We observe
a clear vacuum Rabi mode splitting in the reflectance spec-
trum of the resonator [Extended Data Fig. 3(b)]. A fit (red
line) of the spectrum to two Lorentzian lines yields a split-
ting of 2gDQD,Sq/2pi ∼ 66 MHz, with an effective linewidth
δωq/2pi ∼ 7.1 MHz dominated by the loss of the SQUID
array resonator. Keeping the DQD in Coulomb blockade
(ωDQD/2pi > 10 GHz), we tune the transmon frequency ωtr
while keeping the SQUID array resonance frequency fixed at
ωr,Sq/2pi = 5.1813 GHz, by using a linear combination of the
magnetic flux generated by a superconducting coil, mounted
perpendicular to our sample holder, and a flux line. We realize
the parameter configuration shown in Extended Data Fig. 3(c),
with the transmon and the SQUID array in resonance, from
which we extract the transmon SQUID array resonator cou-
pling strength 2gtr,Sq/2pi ∼ 451 MHz.
Simulation of the population transfer in Fig. 3(e)
The Markovian master equation used to fit the time-
resolved transmon population oscillations in Fig. 3(e), treats
both qubits as two-level systems in the dispersive regime with
an exchange interaction 2J/2pi = 21.6 MHz consistent with
the spectroscopically measured energy splitting 2J/2pi ∼
21 MHz [Fig. 3(b-c)]. It includes spontaneous emission and
dephasing terms for the transmon and a dephasing term for
the DQD. We determine the dephasing rates in independent
measurements by measuring the DQD charge qubit linewidth
γ2/2pi = 2.6 MHz and by performing Ramsey measurements
of the transmon qubit resulting in T ∗2 = 127 ns. The relax-
ation rate T1 = 185 ns of the transmon is used as a fitting
parameter in the simulation.
This relaxation rate is close to what expected by consider-
ing the Purcell decay (Γ1,tr ≈ ktotg2tr,Sq/∆2tr,Sq ∼ 1 MHz) of
the transmon through the SQUID array resonator at the cho-
sen detuning. Additionally, we include a finite time differ-
ence ∆τ = 23 ns between the preparation pulse and the flux
pulse as a fitting parameter. The flux pulse is simulated as a
square pulse subject to a Gaussian filter with standard devia-
tion σ = 3 ns. In the experiment, the finite rise time of the
flux pulse results most likely from the finite bandwidth (300
MHz) of the employed arbitrary wave form generator (Tek-
tronix 5014 AWG).
